Six CvL and three CoL QTL were located for circadian period. All of the period QTL were temperature specific, suggesting that they may be involved in temperature compensation. The flowering time gene GIGANTEA and F-box protein ZEITLUPE were identified as strong candidates for two of the QTL based on mapping in Near Isogenic Lines (NILs) and sequence comparison. The identity of these and other candidates suggests that temperature compensation is not wholly determined by the intrinsic properties of the central clock proteins in Arabidopsis, but rather by other genes which act in trans to alter the regulation of these core proteins.
Temperature compensation is a defining feature of circadian oscillators, yet no components contributing towards the phenomenon have been identified in plants. We tested 27 accessions of Arabidopsis thaliana for circadian leaf movement at a range of constant temperatures. The accessions showed varying patterns of temperature compensation, but no clear associations could be made to the accessions geographic origin. Quantitative Trait Loci (QTL) were mapped for period and amplitude of leaf movement in the Columbia by Landsberg erecta (CoL) and Cape Verde Isles by Landsberg erecta (CvL) Recombinant Inbred Lines (RILs) at 12°, 22° and 27°.
Six CvL and three CoL QTL were located for circadian period. All of the period QTL were temperature specific, suggesting that they may be involved in temperature compensation. The flowering time gene GIGANTEA and F-box protein ZEITLUPE were identified as strong candidates for two of the QTL based on mapping in Near Isogenic Lines (NILs) and sequence comparison. The identity of these and other candidates suggests that temperature compensation is not wholly determined by the intrinsic properties of the central clock proteins in Arabidopsis, but rather by other genes which act in trans to alter the regulation of these core proteins.
INTRODUCTION
Many biological events occur rhythmically, with frequencies ranging from fractions of a second to a matter of years. Circadian rhythms occur characteristically once per day and persist with a period close to 24 hours in the absence of daily environmental cycles. They are regulated by an endogenous clock that enables the temporal co-ordination of physiological and biochemical processes, allowing organisms to anticipate and respond to the predictable changes in the environment during the day-night cycle. Such anticipation is shown, for example, by the upregulated expression of the photosynthetic machinery in plants prior to dawn in preparation for the light period of the day (HARMER et al. 2000) .
The proposed circadian oscillator of the higher plant Arabidopsis thaliana is based on a feedback loop involving the genes TIMING OF CAB EXPRESSION 1 (TOC1), CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) (ALABADI et al. 2001) .
Further components of the plant circadian system have been identified, such as the Phytochrome and Cryptochrome photoreceptors involved in light input (SOMERS et al. 1998a ) and the F-box protein ZEITLUPE (ZTL) involved in protein turnover (MAS et al. 2003) . No genes, however, have been implicated in the phenomenon of temperature compensation.
Temperature compensation is a defining feature of circadian rhythms and results in little change in circadian period length over a broad range of physiological temperatures (JOHNSON et al. 1998; PITTENDRIGH 1954) . This allows the circadian clock to provide an accurate measure of the passage of time regardless of ambient temperature. This does not, however, mean that the clock is insensitive to temperature since oscillator period length does alter, but not at the same rate as would be expected by most biochemical reactions (LAKIN-THOMAS et al. 1990; RUOFF et al. 1997) . Temperature steps or pulses also re-set the phase of the clock in Arabidopsis (MCWATTERS et al. 2000; SALOME et al. 2002; SOMERS et al. 1998b) , as in other organisms.
Temperature compensation has been most extensively studied in the fruit fly Drosophila melanogaster and the filamentous fungus Neurospora crassa. Studies in Drosophila suggest that factors regulating the accumulation, dimerization and nuclear transport of the core clock components PERIOD (PER) and TIMELESS (TIM) are important to the phenomenon (HAMBLEN et al. 1998; PRICE 1997; ROTHENFLUH et al. 2000) . This raised the possibility that temperature compensation derives directly from the intrinsic properties and interactions of core clock proteins, which function across a wide temperature range. A second suggestion, supported by data from Neurospora and Drosophila (LIU et al. 1997; MAJERCAK et al. 1999) , is that altered levels or alternative isoforms of the core proteins are important at some temperatures. This leads naturally to the hypothesis that temperature compensation may require a component, or components, distinct from the core clock proteins, which are adapted to regulate circadian period at defined temperatures by altering the regulation or function of the clock proteins. Either mechanism could achieve the necessary "antagonistic balance" of period-increasing anddecreasing reactions in the circadian oscillator (RUOFF 1992) .
The temporal co-ordination provided by a circadian clock is believed to impart organisms with a selective advantage, particularly when the period of the oscillator closely matches that of the external environment (OUYANG et al. 1998) . For a circadian oscillator to be of adaptive significance it should provide an accurate measure of time regardless of temperature (PITTENDRIGH 1993) . This is supported by the identification of a latitudinal cline in the length of a Thr-Gly repeat domain of the Drosophila central clock protein PER (SAWYER et al. 1997) . This Thr-Gly repeat domain alters the temperature compensation response of the flies and the observed distribution of alleles in the cline appears to correlate with the change in temperature associated with latitude. Thus, the fly's clocks oscillate with a period closer to 24hours within their respective environments.
A large number of accessions of Arabidopsis thaliana have been collected from around the world, providing a wealth of natural genetic variation for study of the genetics, ecology and evolutionary biology of the plant (reviewed in ALONSO-BLANCO and KOORNNEEF 2000; PIGLIUCCI 1998) . Given the apparent adaptive significance of temperature compensation in Drosophila (SAWYER et al. 1997) , natural genetic variation may also provide a means of identifying components of the phenomenon in Arabidopsis. Quantitative Trait Loci (QTL) analysis has arisen as a powerful means of identifying genes contributing towards polygenic traits upon the basis of such natural variation. The principle of QTL analysis lies in mapping quantitative traits to defined regions of chromosomes, allowing the identification of candidate genes. Several studies have identified circadian period QTL in Arabidopsis and mice (HOFSTETTER et al. 1995; HOFSTETTER et al. 2003; MAYEDA et al. 1996; MICHAEL et al. 2003; SALATHIA et al. 2002; SHIMOMURA et al. 2001; SWARUP et al. 1999) . We now adopt a similar approach to identify loci that contribute towards temperature compensation of the Arabidopsis clock. We demonstrate extensive natural variation in the temperature compensation response of Arabidopsis plants, and utilize this variation to map QTL for the trait.
MATERIALS AND METHODS
Accessions, RILs and NILs: Seed for the 27 Arabidopsis thaliana accessions used in leaf movement period analysis were from the same stocks as parents of developing Recombinant Inbred Line (RIL) populations (generously donated by Carlos Alonso-Blanco, Ian Bancroft, Maarten Koornneef and Detlef Weigel). The CvL and CoL RILs have previously been described (ALONSO-BLANCO et al. 1998b; LISTER and DEAN 1993) .
Near Isogenic Lines (NILs) were constructed to carry Cvi alleles around putative QTL in an isogenic Ler background, through genotypic selection of progeny from crosses between RILs and Ler. NIL42 and NIL45 were donated by M. Koornneef, and have previously been described (ALONSO-BLANCO et al. 1998a; SWARUP et al. 1999) . NILs 18, 251 and 18-32 were produced from a back cross of the line S-10 (ALONSO- BLANCO et al. 1998a) to Ler (F 3 seed provided by C.
Alonso-Blanco). NILs 26-4, 19-2 and 30-2 were produced from a back-cross of CvL 125 to Ler (F 3 seed provided by K. Swarup).
Plant Growth conditions:
Seed were surface sterilized in 70% ethanol for 2 minutes, immediately followed by 8 minutes in 50% bleach and then rinsed twice in sterile distilled water.
Sterile seed were stored in 0.15% agar and stratified at 4° for 4-5 days prior to sowing on Murashige Skoog (MS) 1.5% agar medium containing 3% sucrose. Mean period estimates for each genotype were based on 10-60 leaf traces from two to four independent experiments at each temperature analyzed using REML (PATTERSON and THOMPSON 1971) in the statistical package GENSTAT 5 (PAYNE et al. 1993) . The significance of differences between pairs of genotypes was analyzed via t-tests using the SEM estimates derived from REML. Correlations in Figure 3 are presented without multiple testing correction.
The variation in accessions' circadian period due to plate, experiment, accession and residual variation was calculated by REML and used to estimate the proportion of total variability in attributable to genetic differences between accessions at each temperature. QTL analysis: QTL analysis was carried out on period and leaf movement amplitude means for the CoL and CvL RILs independently at each temperature. Genetic maps for the RILs, containing markers at 5-15 cM intervals, as used by Swarup et al., (SWARUP et al. 1999) , were utilized in the QTL analysis.
Interval mapping and Multiple-QTL-Method (MQM) procedures of the computer program MapQTL version 4.0 ( VAN OOIJEN and MALIEPAARD 1996) were used to identify putative QTL.
LOD profiles displayed in Figures 5 and 6 and in Table 2 were obtained with the MQM procedure, utilizing co-factors to improve mapping accuracy. A LOD threshold of 2.7 was set for a significance level of P < 0.05 according to large-scale simulations ( VAN OOIJEN 1999) .
Permutation tests in MapQTL were also used to set LOD thresholds for a significance of P < 0.05 individually for each trait on each chromosome under each temperature, and this did not alter the mapping of putative QTL.
Genotyping: Genotyping NILs was carried out using PCR based markers described in The Arabidopsis Information Resource (TAIR; www.arabidopsis.org). Where required, new PCR based markers were designed from publicly available SNP and INDEL data (GEORG JANDER et al. 2002) . Primer sequences for these markers have been submitted to TAIR.
Amplification, cloning and sequencing of GIGANTEA: Amplification was done by Takara ExTaq polymerase mixture in 25 µl total volume containing 2 mM MgCl 2 , 0.2 µM of each primer (F: 5'-cgc gga tcc ttc ttc tga att gtt gtt aca ggg ttt agc -3'; R: 5'-ggg gta ccg tta gcc aat cgc ctt cca ata ccc ttg at -3'), 50 ng of genomic DNA and 1 U of ExTaq polymerase. The PCR product was cloned into pBluescript SK and sequenced with T7 and gene specific sequencing primers spaced every 400 bps. Products were amplified and sequenced from three independent plants to overcome PCR errors and the three sequences were aligned by the program 'ClustalW'
to produce a consensus sequence. Individual consensus sequences were fused with the program 'blast 2 sequences ' (TATUSOVA and MADDEN 1999) to reconstruct the genomic fragment.
RESULTS

Natural variation in temperature compensation:
To reveal the extent of natural variation in temperature compensation of the Arabidopsis circadian clock, we tested the effect of temperature on circadian period in plants collected from different locations around the world. Table 1 summarizes the location of collection for 27 Arabidopsis accessions from North America, Africa, Europe and Asia. The lines were limited in range, not extending to further northern latitudes and being concentrated around Europe, however, they were selected primarily to inform future QTL mapping, because all are parents of existing or developing Recombinant Inbred (RI) populations.
Accessions were assayed for circadian leaf movement period at the constant temperatures of 12°, 22° and 27°. Period estimates were returned for all accessions at each temperature, aside from Mr-0, which could not be successfully assayed for rhythmic leaf movement at 27°. On average, 24%, 39% and 21% of the variance in plants circadian period was attributable to genetic differences between the accessions at 12°, 22° and 27° respectively. Figure 1 shows a frequency histogram of the accessions' periods, which revealed a general trend of period shortening as temperature increased. The change in period shown by individual accessions across the three temperatures was relatively small, with temperature quotients (Q 10 ) ranging from 0.95 to 1.12 (Table 1) . Such values were consistent with a previously reported example for Arabidopsis (SOMERS et al. 1998b ).
The amplitude and direction of period change between temperatures varied greatly between accessions. Figure The variability in response of circadian period to temperature shown by the 27 accessions suggests that considerable natural allelic variation exists for the trait in Arabidopsis. This natural variation is clearly sufficient to justify multiple studies of temperature compensation in various accessions.
Phenotypic analysis of parental lines:
Previous studies have demonstrated the existence of natural genetic variation between the circadian systems of the Ler, Col and Cvi accessions at a standard growth temperature (MICHAEL et al. 2003; SWARUP et al. 1999) . We used the RIL populations derived from Cvi crossed with Ler (CvL) (ALONSO-BLANCO et al. 1998b ) and Col crossed with Ler (CoL) (LISTER and DEAN 1993) to map circadian period QTL at different temperatures. The premise of this was that period-altering loci displaying temperature-dependent effects could be considered likely candidates for temperature compensation components. Cvi's period was less affected by the higher temperatures than the other two accessions (Figure 4 A). This may be related to the adaptation of the plant to the warmer climate of the Cape Verde Islands. Although greatest phenotypic variation was observed between the accessions at 30°, the extreme period lengthening at this temperature suggested that this might be an effect of stress, unrelated to temperature compensation. Thus, to reduce the possibility of mapping stress-related QTL, 27° was selected as the higher assay temperature.
Sub-sets of 30 of the CoL, and 48 of the CvL RILs were assayed for leaf movement period at 12°, 22° and 27°. Table 2 ).
Two QTL, PerCv1a and PerCv1b, mapped to the top of the chromosome 1. In each case Cvi alleles caused period shortening. PerCv1b was detected at 22° and 27°, whereas PerCv1a was detected at 22° and was just below the significance threshold at 27° (Figure 5 A).
PerCv5a and PerCv5b mapped to the top of Chromosome 5. PerCv5a showed slightly offset LOD peaks at 22° and 27°, but similar estimated allelic effects suggested that they represented the same locus (Figure 5 A and Table 2 ). PerCv5b was only mapped at 27° ( Figure 5A ).
PerCv5c, in the middle of Chromosome 5, was the only CvL period QTL located at 12° ( Figure   5 A), however, it accounted for 44.6% of genetically-determined variation at this temperature.
The final QTL, PerCv5d, mapped to the bottom of Chromosome 5 and caused period lengthening at 22° and 27° (Figure 5 A and Table 2 ). -BLANCO et al. 1998a; BOREVITZ et al. 2002) , suggesting that the QTL for these different traits may be allelic.
Only three period QTL were mapped in the CoL RILs (Figure 5 B and Table 2 ). As with the CvL population, all QTL were located on Chromosomes 1 and 5 ( Figure 5 ). PerCo1a mapped to the top of Chromosome 1 at 22°, representing a novel CoL QTL, but co-localization and similar estimated effects to PerCv1a suggested that the QTL may be allelic ( Figure 5 and Table 2 ).
No CoL QTL were found at the TAU1A or TAU1B locus (MICHAEL et al. 2003) , although TAU1A may co-localize with PerCv1b. PerCo5a, however, did map to the same locus as TAU5A (MICHAEL et al. 2003) . Co-localization was also observed between PerCo5a and PerCv5a ( Figure 5 ). The CvL and CoL QTL AND and ANOTHER ANDANTE (AAN) had co-localized in this region previously (SWARUP et al. 1999) . All of the QTL estimated period lengthening and similar temperature dependencies between PerCo5a and PerCv5a suggested that a common gene might cause them.
As with the CvL RILs, only a single 12° period QTL was mapped in the CoL lines. PerCo5b
represented a novel CoL QTL, but co-localized with PerCv5b ( Figure 5 ). Both QTL estimated period lengthening effects, but with opposite temperature dependencies, indicating that they represented different polymorphisms, different loci, or possible epistatic effects. The three CoL period QTL explained a total of 53.2%, 47.1% and 38.4% of the genetically-determined variation at 12°, 22° and 27° respectively, similar to estimates from the CvL population (Table 2) . 
1999
). However, NOT was at the limit of detection in our previous report and PerCv2a was only just at the significance threshold, with less than 1h difference in period change between alleles.
Therefore we chose to follow up the more robust, single-temperature QTL.
Amplitude QTL in the CvL and CoL populations: Three CvL and two CoL QTL were mapped for leaf movement amplitude. Figure 6 shows likelihood maps for the trait on linkage groups 1, 3 and 5 of CvL and 1 and 5 of CoL. AmpCv1a, AmpCv3a and AmpCv5a were all mapped at 27° and accounted for 62.3% of the genetically-determined variability at this temperature ( Figure 6 and Table 2 ). No significant amplitude QTL were mapped in the CvL population at 12° or 22°. Similarly, AmpCo5a was specific to 27°, however, AmpCo1a was mapped at 22° ( Figure 6 ). The greater success in mapping amplitude QTL at 27° may be explained by morphological changes in the RILs brought about by temperatures above 27°, which has been shown to produce such phenotypes by mimicking the effects of HEAT SHOCK PROTEIN 90 (HSP90) inhibition (QUEITSCH et al. 2002) . Given the suggested role of HSP90 as a capacitor of natural variation (QUEITSCH et al. 2002) , 27° might provide a useful tool for Arabidopsis quantitative geneticists, allowing the QTL mapping of previously masked polymorphisms.
Failure to map an amplitude QTL to the erecta locus was surprising, since this mutation, carried by Ler, has been shown to reduce the amplitude of leaf movement rhythms previously (MICHAEL et al. 2003; SWARUP et al. 1999) . This trait, however, depends on growth rate and may have been affected by subtle differences in growth conditions between the studies.
Characterization of QTL
PerCv1a and PerCv1b:
The location and effect of several of the putative CvL period QTL were confirmed using Near Isogenic Lines (NILs). NILs were constructed by genotypic selection to contain small Cvi chromosomal regions around the putative QTL in isogenic Ler backgrounds.
The circadian period of these lines are shown in Figure 7 and Table 3 . (Table 2 ). This indicated that either one or both QTL mapped within the Cvi introgression of NILs 42 and 45.
The period of NIL45 was slightly, but not significantly longer than NIL42 at 22° (Figure 7 A and Table 3 ). A previous study, however, did show a significant difference between the NILs at this temperature (SWARUP et al. 1999) . NILs 18 and 18-32 were produced from a back cross of NIL42 to Ler, and selected to contain only the lower region of this NIL's introgression (Figure 7 C). Both NIL18 and NIL18-32 showed period shortening specific to 22° confirming that NIL42 did contain a QTL effect independent of NIL45 ( Phenylalanine substitution at amino acid 718 in Cvi. In both cases, the substituted residues shared similar properties to the ones they replaced.
Amino acid sequences for Ler and Cvi GI protein were aligned against the Col (GenBank Accession AAF00092) and WS alleles along with homologous GI protein sequences from Rice, Barley and Wheat (GenBank Accessions NP_914460, AAL08497 and AAQ11738 respectively).
Both amino acid substitutions were at conserved residues in GI protein from the other Arabidopsis accessions and also Rice and Wheat GI (See Supplementary Data 2). Leucine 718 was also conserved in Barley GI (See Supplementary Data 2). Conservation of these amino acids is consistent with either being of functional importance to the protein, however, little is known about the domain structure of GI, so it is difficult to comment on the possible functional consequences of the substitutions.
The tight mapping of GI within NIL18-32 together with known period effects in gi mutants (PARK et al. 1999) and amino acid substitutions between the Ler and Cvi alleles of the gene, offered support for it causing the 22° effect of PerCv1b. However, neither NIL18 nor 18-32 displayed a period phenotype at 27°, indicating that allelic variation at GI alone did not cause the QTL at this temperature.
PerCv5d: NILs 26-4, 19-2 and 30-2 were selected to contain Cvi alleles around the PerCv5d locus on the bottom of Chromosome 5, which contains many circadian-associated genes (Figures 7 D and Table 3 ), similar to the 1.0h lengthening effect estimated for the QTL at this temperature (Table 2) . Neither NIL, however, showed significant period lengthening at 22°, indicating that the 22° PerCv5d effect was either over estimated, or mediated by a locus outside of the NILs' introgressions.
The strongest candidate genes located within both NIL19-2's and 30-2's Cvi introgressions were
ZTL, SENSITIVITY TO RED LIGHT REDUCED (SRR), PSEUDO RESPONSE REGULATOR 3
(PRR3) and possibly TOC1 ( No association could be made between an accessions temperature compensation response and any factors of its geographic origin. Accessions period did not show any correlation with latitude, possibly due to the small sample size tested. However, it was negatively correlated with altitude at all temperatures, with the strongest tendency to shorter period in accessions from higher altitudes at 27°. This suggests that some factor related to altitude has placed a selective pressure on the Arabidopsis circadian clock, but there is insufficient information on the accessions collection site to identify this factor. Several accessions (Kondara, Sorbo and Sha) originated from the Himalayan region, at high altitude and far Eastern longitude. This region has shown a cluster of genetic relatedness (BREYNE et al. 1999) , so it is possible that the periodaltitude correlations and weak period-longitude correlation were partially based on this. Indeed analysis of a reduced set of accessions, excluding these lines, led to the loss of all significant correlations.
Greater phenotypic difference was observed between Ler and Col than Ler and Cvi (Figure 4 A) , however, the transgression of period in the RILs (Figure 4 B) and number of QTL mapped (Table 2) suggested that greater genetic variation existed between the Ler and Cvi parents. This is supported by the genetic relatedness of the accessions and previous observations of transgressive variation for flowering time in the two RIL populations (ALONSO-BLANCO et al. 1998a; BREYNE et al. 1999) . Where possible there is clear benefit to using the available information to select more distantly related parents for QTL studies, even if they display similar phenotypes. It seems likely that GI is responsible for the 22° period effect of PerCv1b and that the QTL is analogous to the previously identified period QTL ESP (SWARUP et al. 1999) . Hypocotyl length phenotypes in gi mutants (FOWLER et al. 1999; HUQ et al. 2000) , also suggest the possibility of GI causing the hypocotyl length QTL LIGHT1 (BOREVITZ et al. 2002) . It is clear, however, that GI alone is not responsible for the 27° effect estimated for PerCv1b and that further 22° and 27°
Identity of period QTL:
QTL effects lie within the Cvi introgression of NIL45. With PerCv1a mapping in this region also, it is likely that NIL45 contains more than one period altering locus. LHY, PHYTOCHROME A (PHYA) and PHYTOCHROME INTERACTING FACTOR 3 (PIF3) all map to this region and thus provide candidate genes for these QTL effects.
The CoL and CvL period QTL PerCv5a and PerCo5a, co-localized at the top of Chromosome 5, as observed by Swarup et al., for AND and AAN at the same locus (SWARUP et al. 1999) .
FLOWERING LOCUS C (FLC) was proposed as a candidate for AND by Swarup et al., given
circadian period effects observed in flc mutants and known allelic differences between the accessions (SWARUP et al. 1999) . FLC maps between PerCv5a and PerCv5b so could be a candidate for either QTL. PSEUDO RESPONSE REGULATOR 7 (PRR7) offers an alternative candidate for PerCo5a/PerCv5a, and was proposed as one for the co-localizing CoL period QTL TAU5A (MICHAEL et al. 2003) .
Temperature compensation mechanisms in Arabidopsis:
Candidate genes for the QTL we mapped in this study suggest that, in Arabidopsis, temperature compensation is not conferred solely by properties of the core protein components of the clock. Not all QTL mapped to such core components and NIL26-4 showed that TOC1 did not cause a QTL effect. Of the strongest candidates identified, ZTL may directly alter the levels of the core clock component TOC1 (MAS et al. 2003) and whereas the biochemical function of GI is unknown, it does affect the expression of CCA1 and LHY (FOWLER et al. 1999; PARK et al. 1999) . Our results are consistent with a mechanism for temperature compensation that alters the abundance of clock proteins, mediated by several genes acting in trans. However, the data also indicate that different loci are important to period determination between 12° and 27°. This is consistent with the notion of "antagonistic balance" (RUOFF and RENSING 1996; RUOFF et al. 1997) , because the balance is a local phenomenon at a particular temperature. Our results suggest that temperature compensation in 
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